Morphological and phylogenetic studies on three members of the genus Pseudochilodonopsis (Ciliophora, Cyrtophoria) isolated from brackish waters in China, including a novel species, Pseudochilodonopsis quadrivacuolata sp. nov.
INTRODUCTION
The cyrtophorian ciliates are a group of highly specialized and diverse ciliates, with more than 160 nominal species having been reported to date (e.g. Deroux, 1976; Gong & Song, 2009; Park & Min, 2014; Song & Wilbert, 1989; Song et al., 2009) . During the past two decades, there has been extensive investigation of cyrtophorians in China, with more than 40 species reported (Chen et al., 2011 (Chen et al., , 2012 Gong & Song, 2004 , 2006a Gong et al., 2005 Gong et al., , 2007 Pan et al., 2011 Pan et al., , 2012 Pan et al., , 2013a Qu et al., 2015a, b; Shao et al., 2008; Song, 2003) .
As a commonly found family of the Cyrtophoria, members of the Chilodonellidae Deroux, 1970 are characterized by having a dorsoventrally flattened body, left frontal protrusion, right kineties extending to the preoral part, one preoral kinety, two circumoral kineties and one terminal fragment (Deroux, 1970; Foissner, 1979) . Currently, the Chilodonellidae comprises nine genera, namely Chilodonatella Dragesco, 1966 , Chilodonella Strand, 1928 , Odontochlamys Certes, 1891 , Phascolodon Stein, 1859 , Phyllotrichum Engelmann in Bütschli, 1889 , Pseudochilodonopsis Foissner, 1979 , Talitrochilodon Jankowski, 1980 , Thigmogaster Deroux, 1976 , and Trithigmostoma Jankowski, 1967 (Lynn, 2008 .
Chilodonella is a species-rich group; however, the descriptions of many species in the genus are based only on living observations . As the infraciliature has been revealed in more detail in recent decades, many species in the Chilodonella group have been transferred to four other genera, Odontochlamys Certes, 1891, Trithigmostoma Jankowski, 1967 , Thigmogaster Deroux, 1976 , and Pseudochilodonopsis Foissner, 1979 (Blatterer & Foissner, 1990 Foissner, 1979; Jankowski, 1967) . Foissner (1979) established Pseudochilodonopsis for species with a fragmented preoral kinety, and designated Pseudochilodonopsis piscatoris (Blochmann, 1895) Foissner, 1979 as its type.
In the present work, we isolated and described three species of the genus Pseudochilodonopsis from China, namely Pseudochilodonopsis quadrivacuolata sp. nov., Pseudochilodonopsis fluviatilis Foissner, 1988 , and Pseudochilodonopsis mutabilis Foissner, 1981 . Molecular information was also collected for sequence comparison and phylogeny reconstruction. A brief revision and a key of Pseudochilodonopsis are presented that will shed light on species discrimination.
METHODS
Sample collection, observation and identification. The ciliates described in the present work were isolated from China. Information on sampling dates and the locations, habitats, temperature, salinity and pH of sampling sites is given in Table 1 and Fig. 1 . Wilbert (1975) was used to reveal the infraciliature and nuclear apparatus. Measurements were made at a magnification of |1000. Terminology and classification follow Song et al. (2009) and Lynn (2008) , respectively.
DNA extraction and gene sequencing. Several cells of P. quadrivacuolata sp. nov., P. fluviatilis and P. mutabilis were gathered from the non-clonal cultures that were used for morphological studies and used for DNA extraction. The DNeasy Tissue kit (Qiagen) was used to extract genomic DNA following the manufacturer's instructions. The small-subunit (SSU) rRNA gene was amplified using TaKaRa Ex Taq polymerase with universal primers (Medlin et al., 1988) . Cloning and sequencing were performed as described by Gao et al. (2012) .
Phylogenetic analyses. In addition to the SSU rRNA gene sequences of P. quadrivacuolata sp. nov., P. fluviatilis and P. mutabilis from this study, 27 other sequences were obtained from the GenBank database (accession numbers shown in Fig. 6 ). Six suctorians, namely Acineta compressa (GenBank accession no. FJ865205), Discophrya collini (L26446), Ephelota gemmipara (EU600180), Heliophrya erhardi (AY007445), Prodiscophrya sp. OOS-2003 (AY331802) and Tokophrya lemnarum (AY331720), were used as outgroup species. Sequences were aligned online by MUSCLE 3.7 on the GUIDANCE web server (http://guidance.tau.ac.il) (Penn et al., 2010) with default parameters, resulting in a matrix of 1746 characters. Maximum-likelihood (ML) analyses were performed using RAxML-HPC2 version 8.1.11 (Stamatakis et al., 2008) on the CIPRES Science Gateway (Miller et al., 2010) , with the model of GTR+I + G (selected by Modeltest version 3.4; Posada & Crandall, 1998) being the optimal choice. Support for the best ML tree was from 1000 bootstrap replicates. A Bayesian inference (BI) analysis was carried out under MrBayes 3.2.3 (Ronquist & Huelsenbeck, 2003) on the CIPRES Science Gateway using the GTR+I + G as the best model (selected by MrModeltest version 2.0; Nylander, 2004) . Markov chain Monte Carlo simulations were run with two sets of four chains for four million generations and a sample frequency of 100 generations, with the first 25 % discarded as burn-in. The remaining trees were used to calculate posterior probabilities using a majority rule consensus.
RESULTS AND DISCUSSION
Subclass Cyrtophoria Faure-Fremiet in Corliss, 1956 Order Chlamydodontida Deroux, 1976 Family Chilodonellidae Deroux, 1970 Genus Pseudochilodonopsis Foissner, 1979 Pseudochilodonopsis quadrivacuolata sp. nov. ( Two circumoral kineties parallel to each other, with outer one almost twice the length of inner one (Fig. 2b) . Preoral kinety fragmented into four or five (mostly four) groups, each composed of eight to ten basal bodies (Fig. 2b, l) .
Comparison. In terms of cell size in vivo, oval body shape and the presence of multiple contractile vacuoles, our isolate much resembles P. polyvacuolata Foissner & Didier, 1981 (Fig. 3o, p) , which was found in moss from Europe. The novel species can be distinguished from P. polyvacuolata, however, by (i) the number and arrangement of contractile vacuoles (four, positioned tetragonally vs three to six, mostly on right side); (ii) fewer somatic kineties (six left and five right kineties vs six to eight on both sides); (iii) fewer nematodesmal rods (12-15 vs about 20) and (iv) fewer basal bodies in terminal fragment (11-14 vs about 22).
Ning et al. (2009) reported a soil isolate under the name P. polyvacuolata from China ( Fig. 2d , e) that has the same morphology as our novel form, also with six left and five right kineties and four tetragonally positioned contractile vacuoles. In our opinion, it could be a misidentification and this isolate should represent a population of P. quadrivacuolata sp. nov.
Referring to the oval body shape and cell size in vivo, Pseudochilodonopsis algivora ) Foissner, 1979 (Fig. 3a, b) , P. fluviatilis (Figs 3e, f and 4), P. mutabilis (Figs 3k, l and 5), P. similis Song & Wilbert, 1989 (Fig. 3q, r) , and P. marina Song, 1991 (Fig. 3i, j) should be compared with the novel species. Although P. algivora and P. fluviatilis have the same number of somatic kineties as P. quadrivacuolata sp. nov., the former two species can be distinguished from the latter by having two contractile vacuoles (vs four) and by the subapical position of the terminal fragment (vs apical; Foissner, 1979 Foissner, , 1988 Song & Wilbert, 1989) . P. mutabilis differs from the novel species in its possession of two contractile vacuoles (vs four), a smaller number of basal bodies in the terminal fragment (two to six vs 11-14) and its irregular dorsal shape (vs regular; Foissner, 1981) . P. similis has seven or eight left kineties (vs six), five or six fragments in the preoral kinety (vs four or five), a subapical terminal fragment (vs apical) and an irregular dorsal shape (vs regular; Song & Wilbert, 1989) . P. marina is smaller (25-35 mm vs 50-70 mm) and is found in marine habitats (vs brackish water or soil; Liu et al., 2008; Song, 1991) , and thus cannot be conspecific with the novel species.
P. piscatoris (Fig. 3m , n) has a narrowed posterior end (vs rounded), an obviously sharp left-anterior protrusion (vs round-pointed) and two contractile vacuoles (vs four; Foissner, 1979) . Pseudochilodonopsis labiata (Stokes, 1891) Packroff, 1988 (Fig. 3g, h ), and Pseudochilodonopsis caudata (Perty, 1852) Blatterer & Foissner, 1990 (Fig. 3c, d ) have an obvious tail-shaped structure at the posterior end, which clearly separates them from the novel species (Blatterer & Foissner, 1990; Packroff, 1988) .
Pseudochilodonopsis fluviatilis Foissner, 1988 (Table 2 ; Fig. 4) . The Chinese population corresponds well with the original population described by Foissner (1988;  Fig. 3e, f) ; hence, the identification is quite certain and a further description is unnecessary. Morphological data and figures are provided. Minor morphological differences lie in the body shape and the position of the terminal fragment. In the original population, the posterior end of the body is broadly rounded, but it is slightly narrowed in our isolate. The terminal fragment is located subapically on the dorsal side, while it is positioned apically in our population. In addition, our population was isolated from brackish water (salinity *25 ‰), while the population described by Foissner (1988) was from freshwater. Foissner, 1981 (Table 2 ; Fig. 5 ). The Chinese population shows high consistency with the original population described by Foissner (1981; Fig. 3k , l) based on information from both living cells (cell size in vivo, body shape and contractile vacuoles) and infraciliature (somatic kineties pattern and terminal fragment). The only difference is the habitat, in that the Chinese population was isolated from brackish water with salinity of *4.0 ‰, while the original population of Foissner (1981) was from soil. Only morphological data and figures for the Chinese population are provided here, therefore.
Pseudochilodonopsis mutabilis
Information derived from molecular phylogeny based on sequences of the SSU rRNA gene (Fig. 6) . The new SSU rRNA gene sequences of the three isolates have the following lengths and DNA G+C contents: P. quadrivacuolata sp. nov., 1675 bp, 44.12 %; P. fluviatilis, 1676 bp, 43.79 %; P. mutabilis, 1676 bp, 43.97 %. The sequence of P. quadrivacuolata sp. nov. differs from those of P. fluviatilis and P. mutabilis in 44 and 36 nt, respectively, demonstrating the distinctness of P. quadrivacuolata as a novel species. Surprisingly, our isolate of P. fluviatilis differs from the sequence of P. fluviatilis deposited in GenBank as JN867021 by 16 nt (Gao et al., 2012) . However, detailed comparison is hindered by the lack of morphological data for the previous P. fluviatilis isolate.
Phylogenetic trees were reconstructed based on SSU rRNA gene sequences. The ML and BI trees have similar topologies and therefore only the ML tree is presented (Fig. 6) . P. fluviatilis (Yantai population) and P. fluviatilis sequence JN867021 cluster together with high support (ML/BI, 91/1.00), which then group with P. mutabilis with moderate support (ML/BI, 79/1.00). P. quadrivacuolata sp. nov. forms a sister clade to its congeners with strong support (ML/BI, 99/1.00), corroborating its generic placement.
The family Chilodonellidae is a well-outlined monophyletic group with full support. Each of the three genera of the Chilodonellidae for which SSU rRNA gene sequence data are available, namely Trithigmostoma Jankowski, 1967 , Chilodonella Strand, 1928 , and Pseudochilodonopsis Foissner, 1979 , is monophyletic with full support. Pseudochilodonopsis and Chilodonella cluster together, indicating that these two genera have a closer relationship to each other than either of them has to Trithigmostoma. This topology is consistent with the morphological information that Chilodonella and Pseudochilodonopsis have the glabrous postoral area that is absent in Trithigmostoma (Foissner, 1979; Jankowski, 1967; . The phylogenetic positions of these three genera in turn indicate that the absence of a glabrous postoral area is plesiomorphic, while its presence is apomorphic.
Brief revision of the genus Pseudochilodonopsis (Table 3 ; Fig. 3 ). The genus Pseudochilodonopsis is very similar to the genus Chilodonella. The key difference between the two genera is the structure of the preoral kinety (fragmented in Pseudochilodonopsis vs nonfragmented in Chilodonella), which indicates their close evolutionary relationship. As we observed in P. fluviatilis and P. mutabilis in this paper, the newly formed preoral kinety of the opisthe is non-fragmented at the late phase of stomatogenesis (Figs 4i and 5j), which indicates that Pseudochilodonopsis evolved from a Chilodonella-like ancestor.
Improved diagnosis. Body dorsoventrally compressed, with left frontal protrusion; somatic kineties divided into right and left kineties by glabrous postoral area; one preoral kinety composed of several fragments; two parallel circumoral kineties, with the outer one longer than the inner one; terminal fragment located apically or subapically on the dorsal side; two to five contractile vacuoles.
Type species. Pseudochilodonopsis piscatoris (Blochmann, 1895) Foissner, 1979 .
Diagnostic characters of the species include body size in vivo, body shape (left anterior protrusion, posterior end shape and dorsal shape), numbers of somatic kineties on both sides of body, number of nematodesmal rods, number of contractile vacuoles, number of basal bodies and position of terminal fragment and habitat. Species assignable. P. algivora Foissner, 1979 , P. caudata (Perty, 1852) Blatterer & Foissner, 1990 , P. fluviatilis Foissner, 1988, P. labiata (Stokes, 1891) Packroff, 1988, P. marina Song, 1991, P. mutabilis Foissner, 1981, P. piscatoris (Blochmann, 1895) Foissner, 1979 , P. polyvacuolata Foissner & Didier, 1981 , P. quadrivacuolata sp. nov., P. similis Song & Wilbert, 1989 . The infraciliature has been documented for all species.
Pseudochilodonopsis piscatoris (Blochmann, 1895) Foissner, 1979 (Fig. 3m, n) . Synonyms: Chilodon piscatoris Blochmann, 1895;
Chilodonella piscatoris (Blochmann, 1895)  Chilodonella acuta sensu Wilbert, 1975;  Peudochilodonopsis kloiberi Foissner, 1979. Cell size 60-90 mm in vivo. Anterior left protrusion sharp and posterior end narrowed or pointed. Dorsal side regular in shape. Six and five kineties on left and right side, respectively. About 20 nematodesmal rods. Terminal fragment positioned subapically on dorsal side and composed of 13-16 kinetosomes. Two contractile vacuoles. Preoral kinety consisting of four fragments. Found in freshwater (Foissner, 1979; Wilbert, 1975) .
Pseudochilodonopsis algivora Foissner, 1979 (Fig. 3a, b) . Synonym: Chilodonella algivora Cell size 40-70|20-30 mm in vivo. Cytoplasm greenish because of algae vacuoles. Body oval with obvious left anterior protrusion and rounded posterior end. Dorsal side regular in shape. Six left and five right kineties. About 14 nematodesmal rods. Terminal fragment subapically located, consisting of 6-10 basal bodies. Four preoral fragments and two contractile vacuoles. Feeds mainly on algae. Found in freshwater. For details, refer to Foissner (1979 Foissner ( , 1988 , and Song & Wilbert (1989) .
Pseudochilodonopsis caudata (Perty, 1852) Blatterer & Foissner, 1990 (Fig. 3c, d) . Synonym: Loxodes cucullio var. caudatus Perty, 1852.
Cell size 70-140|30-50 mm in vivo. Body sigmoid in overall outline with obvious anterior left protrusion and a tiny tail-shaped structure protruding to right at the posterior end. Dorsal side regular. Six or seven left and seven to nine right kineties. Twelve to 18 nematodesmal rods. Terminal fragment located subapically and consists of 16-20 basal bodies. Two contractile vacuoles. Three to five fragments in preoral kinety. Found in freshwater (Blatterer & Foissner, 1990 (Foissner, 1988 ; this study).
Pseudochilodonopsis labiata (Stokes, 1891) Packroff, 1988 (Fig. 3g, h) . Synonyms: Chilodon labiata Stokes, 1891;
Chilodonella labiata (Stokes, 1891) Cell size 90-100 mm in vivo. Body elongated with a tailshaped structure at posterior end. Dorsal side regular. Six and five kineties on left and right sides, respectively. Twelve or 13 nematodesmal rods. Terminal fragment located apically and consisting of eight or nine basal bodies. Two contractile vacuoles. Four fragments in preoral kinety. Found in freshwater (Packroff, 1988) . Song, 1991 (Fig. 3i, j) . Terminal fragment located apically on dorsal side and consisting of two to six basal bodies. Two contractile vacuoles. Four fragments in preoral kinety. Found in soil and brackish water (Foissner, 1981 ; this study). Foissner & Didier, 1981 (Fig. 3o, p) . Cell size 50-80|30-45 mm in vivo. Body oval with anterior part protruding to left. Dorsal side irregular. Six to eight kineties on both sides. About 20 nematodesmal rods. Terminal fragment located apically and composed of about 22 basal bodies. Three to six contractile vacuoles. Preoral kinety consisting of five or six fragments. Found in moss (Foissner & Didier, 1981) .
Pseudochilodonopsis marina

Pseudochilodonopsis polyvacuolata
Pseudochilodonopsis quadrivacuolata sp. nov. (Fig. 2) . As described in the present work, this species is characterized primarily by four tetragonally located contractile vacuoles.
Pseudochilodonopsis similis Song & Wilbert, 1989 (Fig. 3q, r) . Size 50-80|45-60 mm in vivo. Body broad oval with anterior part slight protruding to left and posterior end rounded. Dorsal side irregular. Seven or eight left and five right kineties. Sixteen to 18 nematodesmal rods. Terminal fragment located subapically and composed of eight to ten kinetosomes. Table 3 . Morphological data for species of the genus Pseudochilodonopsis Species: 1, P. algivora (data from Foissner, 1979) ; 2, P. algivora (Song & Wilbert, 1989) ; 3, P. caudata (Blatterer & Foissner, 1990) ; 4, P. fluviatilis (this study); 5, P. fluviatilis (Foissner, 1988) ; 6, P. labiata (Packroff, 1988) ; 7, P. marina (Song, 1991) ; 8, P. mutabilis (this study); 9, P. mutabilis (Foissner, 1981) ; 10, P. piscatoris (Foissner, 1979) ; 11, P. polyvacuolata (Foissner & Didier, 1981) ; 12, P. quadrivacuolata sp. nov. (this study); 13, P. quadrivacuolata sp. nov. (P. polyvacuolata sensu Ning et al., 2009) (Ning et al., 2009 ); 14, P. similis (Song & Wilbert, 1989 Two contractile vacuoles. Five to six fragments in preoral kinety. Found in freshwater (Song & Wilbert, 1989) .
A key to the identification of 10 species of the genus Pseudochilodonopsis is presented in Table 4 . 
P. piscatoris
Posterior end tail-shaped 9 9
Posterior end long and straight
P. labiata
Posterior end short and bending to right
P. caudata
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